INTRODUCTION
The Mississippi Embayment has received a fair amount of attention since Alvarez et al. (1980) proposed an asteroid impact at the Cretaceous-Paleogene (K-P) boundary and Hildebrand et al. (1991) located and described the Chicxulub impact crater. Majority of these studies have focused on the Alabama, Mississippi, and Texas portion of the embayment with little attention paid to the Missouri portion. There is good reason for this lack of attention because K-P interval exposures in Missouri are few and weathered. The Clayton Formation in Missouri was fi rst studied in the middle 1930s (Farrar, 1935; Farrar and McManamy, 1937) . Exposures were highly weathered and fossils of poor quality. Stephenson (1955) fi rst described Missouri Owl Creek fossils from Crowleys Ridge, and he supplemented his descriptions with photographs from the type area in Tippah County, Mississippi.
The Clayton Formation is a bridge between the Cretaceous and Paleocene sections. Early workers described the Clayton as montmorillonite clay deposited in an outer neritic environment (Pryor and Glass, 1961) with reworked Cretaceous fossils (Stephenson, 1955 ) but gave little explanation about its deposition. They generally described the Clayton as a regressive sequence (e.g., Farrar, 1935) .
REGIONAL GEOLOGICAL SETTING
Missouri's bootheel encompasses the northwestern portion of the Mississippi Embayment (Fig. 1) , where the CretaceousPaleogene (K-P) boundary interval consists of the Paleocene Clayton Formation sandwiched between the Cretaceous Owl Creek Formation and Paleocene Porters Creek Formation. This set of strata is poorly preserved in a few locations exposed along Crowleys Ridge in southeastern Missouri, where no fresh, unweathered exposures exist.
Nestlé-Purina Company surface-mines Porters Creek clay at selected locations along the eastern side of Crowleys Ridge in Stoddard County, Missouri. The mine location is in the W/2, S21, T27N, R11E (30°58.100'N, 89°52.300'W), at an elevation of 117 m.
METHODS
Four trenches were excavated to a depth of 5 m, and unweathered Clayton Formation was measured and sampled for analysis. Macrofossils (mostly invertebrates) were collected, and microfossils were sieved from the rock samples, while standard palynological procedures of digesting samples in mineral acids were used for extracting palynomorphs (Traverse, 1988) . Transmitted light microscopy was used for routine identifi cation and description of the palynomorphs, and at least 200 specimens per slide were counted in productive samples.
RESULTS

Stratigraphy
The Clayton Formation in the study area is a 185 cm unit resting unconformably on the Upper Cretaceous Owl Creek clay; the contact is undulating (Fig. 2) . The overlying Paleocene Porters Creek clay grades vertically from a light gray claystone at the top to a dark gray montmorillonitic clay at its base. The contact between Porters Creek and Clayton often includes large (>100 cm) torpedo-shaped, hollow limonitic concretions (Fig. 3) . The Clayton Formation can be divided into four units based on lithology, color, and fossils (Fig. 4) .
The lowest unit is a 30 cm thick limestone coquinite containing abundant reworked Cretaceous macro-and microfossils. It is unsorted and is boudined. The coquina appears to be a scour fi ll (Fig. 5) . The scours trend southeast to northwest and are 30 cm to 50 cm in cross section and 30 cm thick. Some are isolated, whereas others are interconnected, and their tops are concordant and nearly fl at. Included within this unit are large (3 cm to 20 cm), oblate to spherical rip-up clasts containing layers of microtektites but no fossils. Microtektites are predominantly spherical, but many are teardrop-or dumbbell-shaped, others have been welded together to form doublets and triplets. Their color ranges from dark brown to tan to green. The spherical varieties have a bubbly internal appearance (Figs. 6 and 7) . All the microtektites range in size from 0.5 mm to over 3 mm. Most have calcite nuclei, and a few appear to have glass nuclei. Scattered throughout the lower coquinite zone and within the rip-up clasts are tiny ooids (<0.25 mm) with shiny brown coatings. The ooids have either clear, subangular quartz or fecal pellet nuclei. Also scattered randomly throughout the coquinite are fl oating grains of frosted subrounded quartz sand. The coquinite matrix is biomicrite.
Overlying the coquinite zone is 70 cm of soft, green glauconitic sandy clay containing abundant Upper Cretaceous macrofossil fragments, microfossils, broken limonitic burrows, and internal casts and molds of mollusks and cephalopods. A few hard concretions of calcifi ed fossils occur within small depressions cut into the lower coquinite and the Owl Creek Formation.
The glauconitic zone grades uniformly into 65 cm of soft, light gray clay containing grains of glauconite and sparse manganese oxide pebbles. The upper portion is burrowed. While this unit contains few macrofossils or foraminifera, it does contain palynomorphs. The uppermost unit consists of 20 cm of claystone. The only difference from the underlying unit is that it is indurated, apparently a hardground. The base of the Porters Creek Formation rests on this upper zone.
Paleontology
Fresh Clayton and Owl Creek exposures are nonexistent in Missouri. However, fossils recovered from this location are abundant, diverse, and exhibit excellent preservation. The highly fossiliferous lower Clayton coquinite zone contains reworked Upper Cretaceous macro-and microfossils along with carbonized wood and seeds. Most of the macrofossils are mollusks with sparse vertebrate specimens such as bony fi sh, sharks, rays, turtles, and mosasaurs (Campbell and Lee, 2001; Gallagher et al., 2005) . We have identifi ed 58 species of invertebrates, of which ~50% are bivalves and 30% are gastropods. Commonly, bivalves are preserved with both valves attached and closed. This zone also contains an abundant and diverse assortment of reworked Upper Cretaceous foraminifera.
The overlying glauconitic zone preserves internal casts and fragments of Upper Cretaceous invertebrates and a rich assortment of foraminifera. Notably, the majority of the ammonites recovered occur in this zone. The glauconitic zone probably contains pelagic remains, whereas the lower coquinite zone contains large benthic fossils such as Exogyra costata. The upper gray clay zones lack macrofossils but contain microfossils such as palynomorphs and a few Cretaceous foraminifera.
Palynology
Palynomorphs have been recovered from all the Clayton zones described above, although they vary in type, abundance, and diversity (Fig. 8) . Of the 95 taxa of terrestrial palynomorphs (pollen, spores, fungi, algae) identifi ed, ~83% are pollen (mainly angiosperms); the extinct Normapolles accounts for only ~1%. Marine palynomorphs (dinofl agellate cysts and acritarchs) provide a more precise biostratigraphic record than terrestrial palynomorphs, and they increase in abundance and diversity up-section. Late Cretaceous and Paleocene palynomorphs are dominant, and the presence of reworked Cretaceous taxa confi rms the macrofossil record discussed above. Important Late Cretaceous-Paleocene dinofl agellate cysts recovered include Areoligera senonensis, Cerodinium diebelii, Cerodinium striatum, Cordosphaeridium cantharellum, and Hafniasphaera graciosa. Senoniasphaera inornata disappeared worldwide during the early Paleocene (Gradstein et al., 2004) . 
Well Log Data
The Missouri Department of Natural Resources maintains a library of logs from wells drilled in the state. The Clayton Formation is a good marker on driller's logs and electric logs from water wells and oil test wells in the area (Fig. 9) . The transition from soft Porters Creek clay to the Clayton Formation with its hard claystone and carbonate layers is easy to identify. Drillers use terms such as "lime-rock," "marl-stone," and "limestone" on their logs to describe the Clayton. Electric logs are often useful for picking the top of the Clayton in the subsurface. There are ~60 wells with driller's logs and 23 wells with electric logs in the study area. All were reviewed and tops picked for Porters Creek, Clayton, and Owl Creek Formations.
Well log analysis indicates the Clayton Formation dips uniformly 700 m to the southeast over 100 km. This is a typical dip for all the Cretaceous and Paleogene units in this area. The Upper Cretaceous Owl Creek Formation thins from 21 m in the southeast to 5 m in the northwest over the same distance. The overlying Paleocene Porters Creek thins from 190 m to 40 m over the same distance. Based on log data, the overlying Porters Creek and underlying Owl Creek thin from southeast to northwest, while the Clayton Formation appears to have a uniform thickness of ~3-5 m throughout Missouri's bootheel.
In 1978 the U.S. Geological Survey drilled a deep test well (New Madrid Test Well 1-X) in the north-central portion of the Mississippi Embayment in southeastern Missouri and cored several intervals. The complete Clayton interval between a depth of 507 m and 511 m was cored and recovered. Frederiksen et al. (1982) described this unit as "glauconitic shelly marl, grading upward into a glauconitic shelly sand, that grades rather abruptly into glauconitic silty clay of the Porters Creek." The New Madrid test well is located ~100 km southeast of our study area.
DISCUSSION
The Clayton Formation exhibits unusual characteristics at many locations around the embayment margins. Possible impactrelated and tsunami-related features such as faulting, chaotic layers, scours, and reworked Maastrichtian sediments have been reported from Mississippi (Lynn Creek) and Alabama (Shell Creek, Millers Ferry, Mussel Creek, and Moscow Landing) (Habib et al., 1996; Olsson et al., 1996, Fig. 15 therein) .
Missouri is no exception and may be unique in that it represents the head of the embayment. The Clayton Formation has unusual depositional features, especially in the lower coquinite zone with its lumpy, boudined appearance. It appears as fi ll within scours carved into the Owl Creek clay. The coquina includes large fossils, some exceeding 6 cm in length, and many rounded to oblate rip-up clasts. Some clasts are more than 10 cm long and 5 cm thick. The clasts are particularly interesting. Many contain layers of microtektites that are morphologically identical to those found at other locations around the Gulf of Mexico. The K-T boundary interval in the New Jersey Coastal Plain contains rip-up clasts with calcite-replaced tektites (Olsson et al., 2000) . Furthermore, the Clayton Formation at Shell Creek, Alabama, along the eastern edge of the embayment, has microtektites (Pitakpaivan et al., 1994) identical in size and shape to the ones identifi ed in this study. These microtektites fi t Smit's classifi cation as proximal ejecta from the Chicxulub impact (Smit, 1999) .
The rip-up clasts seem to be unfossiliferous Owl Creek clay carried into the embayment headland. Many of the microtektites are welded together, thereby suggesting high temperature during their formation. As this cloud of hot ejecta presumably settled into shallow, quiet water it could have formed a "skin" of microtektites mixed with the ooids covering unconsolidated Owl Creek clay. As fast-moving water moved up the embayment, it likely swept up the newly "welded" upper layer of the Owl Creek and formed the rip-up clasts. All of this allochthonous material consisting of intermixed rip-up clasts and fossils, The glauconitic clay immediately above the coquinite seems to be rich in animals and material that would fl oat for a short time, such as ammonites, shell fragments, wood, and seeds. The overlying soft, light gray clay is fi ne-grained and lacks macrofossils but contains abundant and diverse palynomorphs, including marine dinofl agellate cysts. The presence of Senoniasphaera inornata with a last appearance datum during the early Paleocene and several other dinofl agellate cysts ranging from Late Cretaceous to Paleocene in age confi rms an early Paleocene age for the Clayton Formation. Available well data in southeastern Missouri demonstrate the Clayton Formation has a rather uniform thickness of 3-5 m throughout the bootheel. It also has a similar description with a hard clay at the top, limestone at the base, and soft clay in between. As expected, overlying Porters Creek clay and underlying Owl Creek clay thin to the northwest from the embayment center. However, the Clayton does not thin much, if at all, toward the paleoshoreline.
The Chicxulub impact event probably generated a large tsunami, not only directly from the Gulf of Mexico rushing into the crater (Matsui et al., 2002) , but also indirectly from shelf collapse into the Gulf of Mexico (Bourgeois et al., 1988; Bourgeois, 1994) . Postimpact earthquakes likely precipitated shelf collapse. Ejecta could have reached the North American Gulf Coastal Plain within 10 min of the impact event (Olsson et al., 2000) . Wave height greater than 200 m with periods of 2 h could have spanned the Gulf of Mexico within 10 h (Matsui et al., 2002) . Shelf collapse into deep Gulf of Mexico water could also have generated large waves. Therefore, the resulting megatsunami advancing on the narrow mouth of the Mississippi Embayment probably experienced constructive and destructive interference and generated a tall bore up the embayment (Fig. 10) .
Wave heights in the embayment could rise to more than 200 m and wave periods decrease to less than 2 h. Encroaching waves probably ripped up the seafl oor and created a suspension cloud covering much of the embayment. Backwash from the embayment head could have added terrestrial material to the mix and the suspension cloud would have taken days to settle out (Smit et al., 1996) . Evidently, the heaviest material, consisting of large fossils and rip-up clasts, settled fi rst and fi lled scours in the Owl Creek seafl oor. Lighter material, along with a large amount of marine organic material and some terrestrial material, settled next, forming the glauconitic clay layer. Fine silt and clay devoid of macroorganisms settled out last. A hardground developed, probably during a period of nondeposition, before a return to transgression. Pryor and Glass (1961) noted that the drainage basin of the southern Appalachian Mountains, which extended into the northeastern portion of the embayment, was the source area for micaceous Owl Creek and Porters Creek clays. Muscovite in Clayton clay is rare, and southeast to northwest coquinite-fi lled scours indicate a possible Clayton source area to the southeast.
CONCLUSIONS
Microtektites in rip-up clasts clearly demonstrate that the Clayton Formation of southeastern Missouri was deposited after the K-P impact. But how soon after the impact: hours, days, weeks, months, or even millions of years? Hot ejecta settling rapidly into shallow, quiet water could have formed slightly lithifi ed layers, almost a welded sedimentary crust several centimeters thick, within a period of hours. Seismic shaking and concomitant shelf collapse into the Gulf of Mexico basin would create a megatsunami merging with large waves from the direct impact. A ramp-like narrow Mississippi Embayment probably focused the tsunami into a bore moving from southeast to northwest, and the tsunami picked up material from the shallow seafl oor and generated a suspension cloud. Wave heights greater than 200 m engulfed the headland area in southeastern Missouri and created a backwash. The suspension cloud settled out as one graded unit 185 cm thick. The heaviest material (including reworked fossils) fi lled the scours on the seabed, depositing the coquinite layer. Organic-rich and lighter elements formed the overlying glauconitic unit, while the fi nest material settled out as the upper clay unit.
We propose that the Clayton Formation in southeastern Missouri was likely deposited during the early Paleocene as a short-term, isochronous event. It represents a graded section resulting from the megatsunami initiated by the Chicxulub impact event. 
